Abstract The radiative capture reaction plays an important role in nuclear astrophysics. We have indirectly measured the astrophysical S(E) factors for some proton capture reactions and reaction rates for several neutron capture reactions with one nucleon transfer reactions at HI-13 tandem accelerator in recent years. Some of them are compiled into IAEA EXFOR database and JINA REACLIB project, and used in the network calculations of Big Bang nucleosynthesis and type-I X-ray bursts.
Introduction
The main research objective in the field of nuclear astrophysics is to understand the production of energy and the synthesis of elements in stars and during stellar events [1] . The abundances of elements and isotopes provide important information about the astrophysical environments where they were created. In the laboratory, we can measure the nuclear reactions responsible for producing a particular atomic nucleus within a certain stellar environment. This information, combined with astronomical observations, allows us to describe the first epoch of nucleosynthesis during the Big Bang, the major burning stages in the life of a star, the evolution of stellar populations, and the evolution of the Galaxy as a whole.
Researches in nuclear astrophysics are complicated since the nuclear reaction network during the explosive phase contains about thousands of isotopes. The determination of reaction rates and the half life of unstable isotopes is fundamental work in the study of nuclear astrophysics. In the aspect of the nuclear reactions, the radiative capture reactions play a crucial role in many cosmic phenomena [2∼4] , e.g. primordial nucleosynthesis, galactic evolution, star and planet formation etc. In many case, it is very difficult to measure the cross section directly since the low interaction energy of astrophysical interests, and the low intensity of the radioactive ion beams. The direct measurement of the neutron capture reactions on the short-lived target is impossible because no neutron target exists, and the half-life of short-lived nucleus is too short to serve as a target. Therefore, a number of indirect methods are being explored by experimental nuclear physicists to avoid difficulties confronted in direct measurements of radiative capture cross sections. A practicable method is to extract the radiative capture cross section using the direct capture model and the spectroscopic factor, which can be deduced from the angular distribution of one nucleon transfer reaction.
The angular distribution of 13 C(
12 C is measured and used to extract the spectroscopic factor of 8 Li= 7 Li+n with Distorted-Wave Born Approximation (DWBA) analysis. The 7 Li(n, γ) 8 Li cross sections are then deduced and compared with the experimental data to demonstrate the feasibility of the indirect method. The indirect measurements of several nucleon capture reactions on the radioactive targets are reviewed in the present article.
2 Indirect methods for determining the radiative capture reactions
The direct capture cross section for the desired reaction, A(a, γ)B, is determined by the traditional direct capture model [2, 5] . The cross section for the E1 transition can be computed by
where φ i (kr) is the scattering function associated with the a + A channel, W f (2kr) is the single particle wave function of particle a in the bound state. The cross section can be calculated once the spectroscopic factor S B is determined. This can be accomplished by measuring the cross section for a peripheral transfer reaction A(c, b)B, with c = a + b and B = a + A. The spectroscopic factor can be extracted by
where ( 
Here η is the Sommerfeld parameter given by
The reaction rate is expressed in terms of the astrophysical S(E) factor as
The spectroscopic factors for mirror pairs are equal to each other. If one is extracted, the other one is also known. The relationship of the nuclear asymptotic normalization coefficient (ANC) for the mirror systems has been established [6] as
where F l and j l are the regular Coulomb wave function and the Bessel function, respectively. k p and k n are the wave numbers of proton and neutron determined with their separation energies. Usually, the radius R N is calculated with 1.3 A 1/3 . The nuclear ANC is related to the spectroscopic factor by
where b lj represents the single particle ANC which can be calculated with the tail of single particle wave function and Whittaker function. Once the spectroscopic factor or ANC is extracted for one nucleon transfer reaction, the cross sections for the proton or neutron capture reactions, (p, γ) or (n, γ), can then be computed with the radiative capture model.
3 An example for the 7 Li(n, γ) 8 
Li reaction
We have measured the angular distributions of 13 C( 7 Li, 8 Li) 12 C one neutron transfer reaction and 13 C + 7 Li and 12 C + 7 Li elastic scattering. The optical potential parameters are derived by fitting the angular distributions of the elastic scattering reactions. The fitted plot for 13 C + 7 Li differential cross section is shown in Fig. 1 . The derived potential parameters are then used in the angular distribution calculation of one nucleon transfer reaction. The experimental data and the normalized calculation results are shown in Fig. 2 . The ratio of the contributions by the 1p 1/2 and 1p 3/2 orbits was determined to be 0.10(3) and the spectroscopic factor of 8 Li = 7 Li⊗n was extracted to be 0.55±0.06. The spectroscopic factor was then used to deduce the cross section of the 7 Li(n, γ) 8 Li reaction. As can be seen in Fig. 3 , our indirect measurement is in good agreement with the direct experimental data [7, 8] . 8 , γ) 8 B can be deduced with the extracted spectroscopic factor. One can see from Fig. 4 that the experimental data [9] are well reproduced with the indirect process. Fig.1 The differential cross sections of 13 C( 7 Li, 7 Li) 13 C elastic scattering Fig.2 The angular distribution of 13 C( 7 Li, 8 Li) 12 C reaction Fig.3 The cross section of 7 Li(n, γ) 8 Li reaction as a function of incident neutron energy. The experimental data are taken from Refs. [7] and [8] 
Li and
8 B are mirror pairs, thus the spectroscopic factor of 8 B = 7 Be⊗p is equal to the spectroscopic factor of 8 Li = 7 Li⊗n. The astrophysical S(E) factors of 7 Be(p
Other indirect measurements
The 8 Li(n, γ) 9 Li reaction plays an important role in both the r-process nucleosynthesis and the inhomogeneous Big Bang models. Its direct capture rates can be extracted from the 8 Li(d, p) 9 Li reaction, indirectly. We have measured the angular distribution of the 8 Li(d, p) 9 Li g.s. reaction at E c.m. = 7.8 MeV in inverse kinematics using coincidence detection of 9 Li and the recoil proton. Based on DWBA analysis, the 8 Li(d, p) 9 Li g.s. cross section is determined to be 7.9±2.0 mb. The single particle spectroscopic factor S 1,3/2 for the ground state of 9 Li = 8 Li⊗n is derived to be 0.68±0.14, and then used to calculate the direct capture cross sections for the 8 Li(n, γ) 9 Li g.s. reaction at energies of astrophysical interest. The astrophysical 8 Li(n, γ) 9 Li g.s. reaction rate for the direct capture is found to be 3970±950 cm 3 ·mole −1 ·s −1 at T 9 = 1 [10] . The results have been confirmed by GUIMARÃES et al. [11] from the measurement of the 9 Be( 8 Li, 9 Li) 8 Be neutron transfer reaction. According to charge symmetry, (ANC) 2 for 9 C = 8 B⊗p is extracted to be 1.14±0.29 fm −1 . We have deduced the astrophysical S(E) factors and reaction rates for direct capture in 8 B(p, γ) 9 C at energies of astrophysical relevance [12] . The reaction may play an important role in the evolution of massive stars with very low metallicities. and then utilized to calculate the astrophysical S(E) factor and the rates of the direct capture contribution in the 11 C(p, γ) 12 N reaction. The astrophysical S(0) factor for the direct capture is derived to be 0.088±0.019 keV b [13] . This result is in agreement with our previous work from the 2 H( 11 C, 12 N)n proton transfer reaction [14] . An evaluated S(0) of 0.092±0.009 keV b is then given by using the present and pre-existing experimental results. In addition, the proton widths of the first and second excited states of 12 N are derived to be 0.91±0.29 keV and 99±20 keV from the neutron ANCs of 12 B and used to compute the contribution from the first two resonances of 12 N, respectively. The contribution from the interference effect between the direct capture and the second resonance is then computed. Our result shows that the direct capture dominates the 11 C(p, γ) 12 N reaction at the temperature range below T 9 = 0.35. The 11 C(p, γ) 12 N reaction is one of the key reactions in the hot pp chains, which is believed to play a crucial role in the evolution of Pop III stars.
We have estimated the astrophysical reaction rates for the 12 N(p, γ) 13 O direct capture reaction at the stellar energies [15] with the spectroscopic factor and ANC of 13 O = 12 N⊗p ground state extracted from one nucleon removal cross section [16] . The result shows that the 12 N(p, γ) 13 O reaction may play an important role in X-ray bursts. The deduced 12 N(p, γ) 13 O astrophysical S(E) factor at zero energy is 0.31 keV b, which is about two orders of magnitude less than the unique theoretical one (4.0×10 −2 MeV b) by WIESCHER et al [17] . Our result is confirmed later by BANU et al. [18] from the angular distribution measurement of the 14 N( 12 N, 13 O) 13 C proton transfer reaction.
14 O is one of the key reactions in the hot CNO cycle which occurs at stellar temperatures around T 9 ≥ 0. 14 O reaction is analyzed with the R-matrix approach, and its astrophysical S(E) factors and reaction rates at energies of astrophysical relevance are then determined with the ANC [19] . A similar result is deduced with the mirror system by analyzing the 13 C(d, p) 14 C angular distribution [20] . The reaction rates are recommended by JINA REACLIB project [21] and used in the study of cold and hot CNO cycles [22] . [23] . The rates are applied in the network calculations of type-I X-ray bursts [21] .
Summary
The determination of the radiative capture reactions plays a very important role in the study of nuclear astrophysics. We have deduced the reaction rates of several radiative capture reactions with the indirect measurement approach, such as 7 Li(n, γ) 8 27 P and so on. These reactions are of importance in Big Bang nucleosynthesis and stellar evolution. Some of the experimental data have been compiled into IAEA EXFOR database and JINA REACLIB project, and used in the network calculations of type-I X-ray bursts. The calculation results suggest that the previously found small discrepancies between model calculations and observations may be solved with a better understanding of the nuclear input.
More radiative capture reactions, such as 6 He(p, γ) 7 Li, 8 Li(p, γ) 9 Be, 13 C(p, γ) 14 N, 132 Sn(n, γ) 133 Sn, will be determined in the near future. They are very important for investigating the inhomogeneous BBN model, CNO cycle of stellar evolution and nucleosynthesis of r-process.
